Comparison of melittin interaction with liposomes, bilayer disks and micelles showed that melittin binding to lipid aggregates is largely dictated by the amount of highly curved areas in the aggregates. The PEGstabilised bilayer disks were characterised by a combination of small angle neutron scattering, cryotransmission electron microscopy and dynamic light scattering. Importantly, the theoretically foreseen partial segregation of the lipid components, important for maintaining the structure of the bilayer disk, was confirmed. Steady state fluorescence spectroscopy indicated that melittin mainly resides at the rim of the bilayer disks. Results of the present study help increase the understanding of the mechanisms behind, and the physico-chemical factors affecting, melittin-lipid interaction. We suggest that bilayer disks, due to their stable structure, constitute interesting vehicles for transport of peptides that have high propensity to associate with lipid surfaces of high curvature.
Introduction
Melittin is a frequently employed model peptide in studies of the interaction between lipid membranes and antimicrobial peptides [1, 2] . At low aqueous peptide concentrations the positively charged 26 amino acid peptide is monomeric and adopts a random coil structure. Upon association with lipid membranes melittin rearranges and assumes an α-helical conformation interrupted by a kink rending the melittin a wedge shape [1] [2] [3] .
The peptide has high affinity for most types of phospholipid membranes and its association with the membrane is mainly driven by hydrophobic interactions and the formation of the α-helical structure [3, 4] . Importantly, the peptide-membrane interaction is strongly affected by the physico-chemical properties of the membrane. Thus changes in temperature [5, 6] , addition of charged components [7, 8] and cholesterol [9, 10] , as well as other alterations that affect the electrostatic or micromechanical properties of the membrane have important impact on the melittin membrane affinity. In addition, results of Pott et al. indicate that phase boundary defects may play a role in the peptide-lipid interaction [11] . Further, the fact that melittin binds more avidly to small liposomes than to large liposomes of identical composition [12] suggests that also the curvature of the lipid membrane may influence the interaction.
Once bound to the membrane melittin exerts a permeabilising effect and high melittin to lipid ratios result in major structural rearrangements of the membrane. The nature of the melittin-induced structural changes, as well as the correlation between membrane leakage and structural alteration, depends on the physical state and composition of the membrane. In line with this, we have in an earlier study shown that melittin-induced leakage from pure and cholesterol supplemented 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) liposomes takes place via two fundamentally different mechanisms [10] . In the absence of cholesterol leakage occurs from intact liposomes in a manner compatible with earlier suggestions of small melittin lined toroidal pores [13, 14] . In the presence of cholesterol leakage is, on the other hand, accompanied by liposome disruption and the formation of open bilayer structures. Open, diskshaped structures form also in the absence of cholesterol. In this case considerably higher concentrations of bound melittin, or temperatures below the gel to liquid crystalline phase transition temperature of the lipid, are, however, required [5, 6, 10, 15, 16] .
Melittin is known to interact not only with liposomes but also with micelles [17] [18] [19] . Studies by Lauterwein et al. [18] indicate that the conformation of melittin is similar in dodecylphosphocholine micelles and phosphocholine bilayers. This view is supported by results obtained by Inagaki et al. [19] that indicate that melittin resides in the micelles with the long axis parallel to the lipid-water interface.
Taken together, previous results suggest that melittin has increased affinity for, and also a strong tendency to induce, structures with, at least locally, high positive curvature. So far no systematic studies have been carried out, however, on the effect of curvature on melittin-lipid interactions. In order to further explore this issue we did in the present study investigate and compare the melittin adsorption in systems containing three fundamentally different types of lipid aggregates: liposomes, micelles and polymer-stabilised bilayer disks.
Nanosized bilayer disks of the type employed in the present study have proven very useful as model membranes in partition and interaction studies [20, 21] . The disks are planar and circular in shape and may be produced by inclusion of polyethylene glycol (PEG)-grafted lipids in lipid membranes that typically display high bending rigidity [22] . The disk offers both flat and highly curved lipid surfaces and may from a structural perspective be seen as an intermediate between the liposomal and micellar structures. Theoretical calculations do, in combination with previously obtained dynamic light scattering data, suggest that the micelle forming PEG-lipids are preferentially situated at the highly curved rim of the disk [23] . Investigation based on cryo-transmission electron microscopy (cryo-TEM) and dynamic light scattering (DLS) indicate, furthermore, that a maximum of about 5 mol% PEG-lipid may be included in the bilayer part of the disks [21, 23] . The expected component segregation has so far not been experimentally proven, however. Small angle neutron scattering (SANS) was therefore employed in order to reveal details concerning the component distribution in the disks.
Materials and methods

Materials
Sephadex G-50 Medium was obtained from Amersham Biosciences (Uppsala, Sweden). 1,2-Distearoyl-D70-sn-glycero-3-phosphocholine-1,1,2,2-D4-N,N,N-trimethyl-D9 (D83DSPC), 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-5000] (DSPE-PEG5000) and N-palmitoyl-sphingosine-1-[succinyl(methoxy(polyethylene glycol) 5000] (ceramide-PEG5000) were purchased from Avanti Polar Lipids (Alabaster, AL, USA). Minicon B-15 membrane concentrator was purchased from Millipore (Bedford, MA, USA) and Spectra/Por dialysis membrane (MWCO 2000) came from Spectrum (Breda, Netherlands). Cholesterol, deuterium oxide (D 2 O) of purity 99.9 at.% deuterium, ethylenediamine tetraacetic acid (EDTA), L-α-lysophosphatidylcholone (lysoPC), melittin of ≥95% purity (determined by HPLC), NaCl, Na 2 HPO 4 , NaH 2 PO 4 , octyl-β-D-glucopyranoside (OG) and Trizma® were obtained from Sigma-Aldrich Chemical (Steinheim, Germany). Melittin was dissolved in a saline phosphate buffer (PBS); 10 mM phosphate and 150 mM NaCl, pH 7.4. The melittin solutions were then frozen immediately after preparation and kept at −20°C until used. PBS was used in the samples investigated in the fluorescence measurements. For the SANS experiments both an aqueous Trizma® buffer (buffer A); 10 mM Trizma®, 1 mM EDTA and 150 mM NaCl, pH 7.4 and a 2 based Trizma® buffer (buffer B); 10 mM Trizma ® , 1 mM EDTA and 150 mM NaCl, pH 7.4 were used.
Preparation of the lipid aggregates
The lipids of each respective sample composition were codissolved in chloroform. The solvent was evaporated under a gentle stream of N 2 (g), and the remaining chloroform was removed under vacuum for 12 h. Deuterated DSPC (D83DSPC) was used for the samples intended for SANS. The DSPC/ceramide-PEG5000 and DSPC/DSPE-PEG5000 were hydrated in buffer A and equilibrated at 70°C (i.e. well above the gelto-liquid transition temperature for DSPC) for 30 min with intermittent vortex mixing, and were then freeze thawed 3 times (N 2 (l) → 70°C) with intermittent vortex mixing. The DSPC/ceramide-PEG5000 sample was sonicated, to improve miscibility [20] , for 10 min above 70°C using a Soniprep 150 sonicator (MSE Scientific Instruments, England). Metal debris from the sonicator tip was removed by centrifugation. DSPC/ceramide-PEG5000 and DSPC/DSPE-PEG5000 samples were finally filtered at room temperature through a polycarbonate filter (50 nm in pore size) from Avestin in order to remove large particles e.g. dust.
The DSPC/cholesterol/ceramide-PEG5000 and DSPC/cholesterol/ DSPE-PEG5000 samples were prepared by a method based on detergent removal. The respective DSPC/cholesterol/PEG-lipid samples were solubilised by OG. OG was for this purpose dissolved in the hydration buffer to reach a final lipid to OG ratio of 1:10 in the micelles (extra OG corresponding to the cmc of OG was added to the samples). The samples were then applied to a Sephadex G-50 Medium column (volume 100 ml) with an elution flow rate of 0.7 ml/min. The lipid eluate was concentrated, using a Minicon-B15, to a concentration of roughly 10 mM and dialysed for 36 h in 500 ml of buffer A, which was exchanged every 12 h. Aliquots of the samples intended for SANS measurements were finally dialysed in buffer B, leading to a D 2 O concentration in the sample buffer of 95% by volume. The lipid concentration in the dialysed samples was determined by phosphorous analysis [24] . All SANS measurements were performed at 25°C.
The POPC/cholesterol/ceramide-PEG5000 and POPC/cholesterol/ DSPE-PEG5000 samples were hydrated in PBS and subsequently sonicated for 45 min at 0°C.
Micellar samples of DSPE-PEG5000 and ceramide-PEG5000 were prepared by hydrating lipid films in PBS buffer at 70°C for 3 h. LysoPC samples were produced by dissolving lysoPC in PBS buffer.
Cryo-transmission electron microscopy
Samples were equilibrated at 25°C and approximately 99% relative humidity within a climate chamber. A small drop (around 1 μl) of the sample (lipid concentrations between 6 and 10 mM) was applied to an electron microscopy copper grid covered with a holey polymer film. Excess solution was removed with a filter paper. The sample was vitrified by plunging the grid into liquid ethane held just above its freezing point. The specimen was then transferred to a Zeiss EM 902 transmission electron microscope (Zeiss, Oberkochen, Germany) for examination. To prevent sample perturbation and ice crystal formation, the temperature was kept below 108 K both during transfer and examination. A more comprehensive description is available in [25] .
Dynamic light scattering
The light source used was a Uniphase He-Ne laser emitting vertically polarised light at a wavelength of 638.2 nm and operating at 25 mW. Data were collected using a PerkinElmer diode detector (Quebec, Canada) connected to an ALV-5000 multiple digital autocorrelator (ALV-Laser Vertriebsgesellschaft m.b. H., Germany). Data were evaluated using the program GENDIST [26] . From the autocorrelation function the relaxation rate, Γ, can be extracted and used to determine the translational diffusion coefficient, D, of the aggregates via the relation
Here Q is the magnitude of the scattering vector,
with n being the refractive index of the solution, λ, the wavelength of the scattered light and, θ, the scattering angle which was set to 90°. The diffusion coefficient is related to the hydrodynamic radius, R h , of a sphere through the Stokes-Einstein relation, D = k B T / (6πηR h ). The R h for a sphere was recalculated to a disk radius, R disk , through the relation suggested by Mazer et al. [27] :
where α = L disk / (2R disk ). The samples were investigated at a lipid concentration between 1.5 and 2 mM.
Small angle neutron scattering
A powerful tool for investigation of colloidal aggregates is provided by SANS. A particular advantage is that the isotopes of hydrogen (   1   H,  normal hydrogen and   2 H or D, deuterium) have markedly different scattering characterised by scattering lengths of −3.742 fm and 6.674 fm, respectively [28] . Molecules that are prepared with these different isotopes can thus be distinguished and regions that are rich in different species readily identified. The scattered intensity, I, is measured as a function of the scattering angle θ, and converted to a scale of inverse distance or momentum transfer vector, Q, defined in the same way as in DLS, see Eq. (1). Scattered intensity distributions for different models can be readily calculated by making Fourier transforms of the distribution of scattering length density and those for many simple structures are described in the literature [29] . Scattering lengths are well known [28] and can be used to calculate scattering length densities provided that the mass density of molecules is known [30] . The scattering length densities of some materials relevant to the present study are shown in Table 1 . Data were collected using the D11 instrument at the high flux reactor of the Institut Laue Langevin, Grenoble, France. An incident wavelength of 6 Å was chosen and use of sample to detector distances of 2.5, 10 and 35 m allowed data to be collected in a range of Q from 0.003 to 0.15 c5 Å −1
. The samples were investigated at lipid concentrations between 4 and 5 mM.
Peptide binding to lipid aggregates
Fluorescence studies were employed in order to determine the propensity of melittin to associate with the lipid aggregates. The emission spectrum of the tryptophan residue in melittin shifts to lower wavelengths (i.e. a blue shift) when the peptide associates to lipid structures and the polarity of the tryptophan environment changes. The extent of the blue shift can thus be used as a measure of the fraction of melittin that has been associated with the lipid aggregates. The steady state fluorescence measurements were performed at 25°C using a SPEX Fluorolog 1650 0.22-m double spectrometer (SPEX Industries, Edison, NJ), employing an excitation wavelength of 280 nm and acquiring emission spectra between 315 and 375 nm. During each experiment aliquots of a 1-2 mM lipid suspension were added to a quartz cuvette containing 1.7 ml of 5 μM aqueous melittin solution. After each addition an emission spectrum was recorded and the blue shift was quantified by taking the ratio of the intensities acquired at 325 and 360 nm, respectively, correcting for inner filter effects [31] . The percentage of bound melittin was obtained by relating this ratio to the maximum ratio obtained when no further shift was observed. Data were thereafter used to construct binding isotherms. The amount of bound melittin is in the Results section expressed as R eff , i.e. mole melittin associated with the lipid aggregates per mole lipid.
Results
Cryo-TEM
All lipid samples were characterised by means of cryo-TEM. The technique offers a unique means for direct visualisation of aggregate structure and allows a general assessment of aggregate size and sample polydispersity. When viewing the micrographs it is important to realise that PEG, due to the poor contrast of the polymer, is invisible to the electron beam. For selected samples DLS was employed in order to supplement the qualitative TEM data with a quantitative measure of aggregate size.
DSPC/PEG-lipid and DSPC/cholesterol/PEG-lipid preparations
A cryo-TEM micrograph of a DSPC/DSPE-PEG5000 (80:20 mol%) sample, prepared by sonication is shown in Fig. 1 . The sample was completely dominated by bilayer disks of a narrow size distribution, and liposomes were only rarely observed. The average disk radius was determined to 219 Å by DLS. Cryo-TEM revealed a very similar structure in sonicated samples composed of DSPC/ceramide-PEG5000 (results not shown). DLS returned for these samples an average disk radius of 265 Å. Fig. 2A shows the structure in a DSPC/cholesterol/DSPE-PEG5000 (45:40:15 mol%) sample prepared by detergent depletion. The sample was dominated by bilayer disks with an average radius of 140 Å as determined by DLS. The smaller size of the cholesterol containing DSPC-based disks, as compared with the cholesterol free, is most likely a consequence of the method used for sample preparation. Bilayer disks prepared by the detergent depletion method, used in the present study, adopt a smaller size as compared to disks prepared by sonication [32] . As seen from the micrograph, a small population of liposomes was found in coexistence with the disks. However, by examination of a large number of micrographs it was concluded that liposomes constituted less than 1% of the aggregates. No significant change in aggregate structure was observed upon replacing the charged PEG-lipid DSPE-PEG500 with the uncharged ceramide-PEG5000. Thus samples containing 15 mol% ceramide-PEG5000 were dominated by bilayer disks (Fig. 2B) .
POPC/Cholesterol/PEG-lipid preparations
Figs. 3A-C show cryo-TEM micrographs of POPC/cholesterol/ ceramide-PEG5000 samples prepared by sonication. Unilamellar liposomes constituted the only structures found in samples containing 0.25 mol% ceramide-PEG5000 (Fig. 3A) . Samples containing 15 mol% PEG-lipid displayed bilayer disks in coexistence with liposomes ( Fig.  3B) . At 25 mol% ceramide-PEG5000 bilayer disks dominated the sample and only a few liposomes could be seen (Fig. 3C). 3.4. Pure DSPE-PEG5000, ceramide-PEG5000 and lysoPC DSPE-PEG5000, ceramide-PEG5000 and lysoPC are all lipids with high spontaneous curvature and micellar structures were therefore expected. Cryo-TEM images obtained from the PEG-lipid samples displayed globular micelles (Figs. 4A and B) . The lysolipid sample contained, apart from globular micelles, also some thread-like cylindrical micelles (Fig. 4C) . Moreover, traces of lamellar material in the form of liposomes and bilayer sheets were occasionally observed in this sample (results not shown).
Small angle neutron scattering
SANS measurements were conducted to investigate the size, composition and distribution of material in the lipid aggregates. Data were normalised for detector response and placed on an absolute scale using standard procedures [33, 34] . obtained at 75% D 2 O to a disk model is shown in Fig. 6 . The corona of the disk was modelled as a layer that contains mainly ethylene oxide and water. The model corresponded to a total disk radius of 174 Å which contains a core of 70 Å of deuterated alkane. A sketch of the disk model is shown in the inset in Fig. 6 whereas the parameters for the model are shown in the inset in Table 2 . It would be desirable to make common fits to all the data and provide more precise values for the composition. The sample does, however, contain a small fraction of liposomes. The presence of the liposomes, as well as the size polydispersity of the disks, causes large deviations as the larger objects scatter very strongly and are likely to have a different composition.
SANS data presented in Fig. 7 indicate component segregation also for DSPC/cholesterol/DSPE-PEG5000 disks. Scattering patterns similar to those obtained for DSPC/DSPE-PEG sample were thus observed, albeit the trend could not be as clearly visualised. The presence of the somewhat larger fraction of liposomes, as compared with the DSPC/ DSPE-PEG5000 samples, likely explains the blurring of the data.
Component segregation was in a similar manner also verified for DSPC/cholesterol/ceramide-PEG5000 and DSPC/ceramide-PEG5000 samples (data not shown).
SANS data were also measured for DSPC/DSPE-PEG5000 disks in 75% D 2 O before and after addition of melittin (lipid/melittin molar mixing ratio 1:25, lipid concentration 4.4 mM; see Fig. 8 ). No distinct differences can be seen in the scattering patterns for the two samples. Importantly, the characteristic peak at Q values of about 0.035Å −1 did not change upon addition of melittin and in the two cases, the scattering displayed characteristic features of a core-shell disk with approximately the same dimensions. This indicates that melittin did not cause significant changes to the size or shape of the disks. Cryo-TEM verified that the addition of melittin did not affect the lipid aggregate structure (results not shown). Fig. 9 shows typical isotherms obtained for the association of melittin with the lipid aggregates. The maximum amount of melittin per lipid, R eff-max , that can be bound to the aggregates was determined by a sigmoidal fit of the data. Values for R eff-max for all investigated samples are presented in Table 3 .
Fluorescence measurements
As can be seen from Fig. 9 , the melittin binding increased with increasing amount of PEG-lipid in the POPC/cholesterol/ceramide-PEG5000 samples. The maximum amounts of bound melittin were, as expressed by R eff-max, 0.0031, 0.027 and 0.043 for samples containing 0.25, 15 and 25 mol% ceramide-PEG5000, respectively.
The highest maximum amount of bound melittin was found when melittin was allowed to interact with the micellar systems. Pure DSPE-PEG5000 and ceramide-PEG5000 samples, which according to the cryo-TEM analysis contained globular micelles, returned R eff-max values corresponding to 0.18 and 0.16, respectively. Melittin binding was thus promoted in the presence of the negatively charged PEGlipid. The change in the binding isotherms caused by the introduction The experimental data was fitted to a disk model based on a core radius of 70 Å, a corona radius of 174 Å and a height of 50 Å. The latter corresponds to the height of a DSPC bilayer in the gel phase [35] . The simplified geometric model indicated in the inset can be compared with the more realistic model of the disks shown in Fig. 10 . of the electrostatic effect is exemplified in the inset of Fig. 9 . Noteworthy, melittin binding was least efficient in the lysoPC-system (R eff-max = 0.11), which, as based on the cryo-TEM analysis (Fig. 4C ) likely is partly explained by the lower mean aggregate curvature in this sample.
Discussion
Lipid distribution in bilayer disks
SANS data collected in the present study verify that the PEG-lipids, in accordance with earlier made assumptions [22, 23] , partially segregate from the other lipid components in the bilayer disk. The core radius of 70 Å obtained for disks composed of DSPC/DSPE-PEG5000 can be compared with the core sizes estimated from the cryo-TEM and DLS measurements. A schematic picture of a disk, including a clarification of the distances probed by the different techniques, is shown in Fig. 10 . Due to the poor contrast of PEG, only the lipid part of the bilayer disk is visualised by cryo-TEM. As seen in Fig. 1 the DSPC/DSPE-PEG5000 disks have a fairly narrow size distribution and an average radius of 103 ± 24 Å can be deduced from the micrographs. By subtracting the length of the lipid part of the DSPE-PEG5000 molecule, 25 Å [36] , we arrive at a core radius corresponding to 78 Å. DLS suggest a hydrodynamic radius of 219 ± 1 Å for the DSPC/DSPE-PEG5000 disks (PEG polymer included, see Fig.  10 ). Subtracting 100 Å, which corresponds to the length of a full DSPE-PEG5000 molecule [36, 37] , from the hydrodynamic radius gives in this case a core radius of 119 Å. Since SANS is sensitive to the relative density distribution of the deuterated and hydrogenous material, it is expected that the core radius determined by SANS should be smaller than the core radii determined by cryo-TEM and DLS. Further, the radius obtained by DLS is probably slightly overestimated due to the presence of a few liposomes in the sample. The radii returned by the three different techniques are thus in reasonable agreement.
The effect of aggregate structure on melittin binding
As illustrated in Fig. 9 , the binding of melittin to POPC/cholesterol liposomes supplemented with 0.25 mol% ceramide-PEG5000 was poor. This result was expected; cholesterol has a condensating effect on phospholipid membranes and is well known to dramatically reduce melittin association with liposomes composed of POPC [9, 10] and related phosphatidylcholines [14] . Previously reported results verify that inclusion of 0.25 mol% ceramide-PEG5000 in POPC/ cholesterol liposomes has no significant effect on the melittin association behaviour [10] . Results of the present study showed, however, that melittin binding increased markedly in samples containing 15 and 25 mol% ceramide-PEG5000. Cryo-TEM revealed that circular bilayer disks dominated the aggregate structure in these samples. It may thus be speculated that either the change in aggregate structure from liposomes to disks or the presence of the PEG polymer had a positive effect on melittin binding. The latter suggestion appears highly unlikely based on the results obtained in the micellar systems. Binding of melittin to micelles composed of PEG-lipid, as well as to those composed of lysoPC, was significantly increased as compared to the binding to both liposomes and disks (Fig. 9) . The avid binding to lysoPC micelles strongly suggests that the highly curved micellar structure, rather than the presence of PEG, promotes melittin association. It is in this context worth noting that the presence of negative charge, as introduced by the use of DSPE-PEG5000, was found to have a clear and positive effect on the melittin binding. This result is in line with the conclusions drawn from previous studies focused on the role of electrostatic effects in melittin binding [38] . The observation of higher melittin binding to disks than to liposomes holds true also when compensating for the fact that in liposome samples only half the lipid surface is directly accessible for interaction. Consequently the change in lipid aggregate structure, and more specifically the increase in aggregate mean curvature, most likely explains the propensity of increased binding of melittin in the disk system.
As discussed above, the neutron scattering experiments provided proof of partial component segregation and accumulation of PEGlipid at the rim of the bilayer disks. It is thus plausible to assume that the disk rim is structurally similar to the surface of a PEG-lipid micelle. Interestingly, data reported in Table 3 show that if the R eff-max values for the POPC/cholesterol/ceramide-PEG5000 and DSPC/ceramide-PEG5000 disk systems are normalised for the mole fraction of PEGlipid they become close to identical to those found in the PEG-lipid micelle systems. This finding indicates that the maximum amount of bound melittin is largely governed by the amount of PEG-lipid and hence the amount of highly curved area available in the sample.
In summary, the results from the binding study confirm that melittin has high affinity for curved lipid surfaces. This information, which likely can be translated also to other peptides with structural and physico-chemical characteristics similar to those of melittin, is interesting from a fundamental point of view. The conclusions drawn from the present study are potentially important also from a more applications oriented aspect. For instance, it is plausible that the tight binding of comparably large quantities of melittin to the rim of the stable [20] and well-defined PEG-stabilised disks can be exploited for drug delivery purposes.
